Three compounds of volatile thiols, 2-furanmethanethiol (2FM) with a strong roast coffee aroma, benzenemethanethiol (BM) with a strong empyreumatic aroma reminiscent of smoke and ethyl 2-mercaptopropionate (ET2MP) with a tropical fruit-like aroma, were identified for the first time in four types of heat-treated soy sauce and raw soy sauce. 2FM, BM and ET2MP were present in these soy sauce samples at considerably higher concentrations than their perception thresholds. Their concentrations also increased when the raw soy sauce was heated for pasteurization. A triangle test on the raw soy sauce and heat-treated soy sauce showed that the aroma of the raw soy sauce became similar to that of the heattreated soy sauce after the addition of the three volatile thiols to the raw soy sauce. The volatile thiols thus contributed to the aroma of heat-treated soy sauce.
Introduction
Soy sauce is a traditional fermented seasoning of East Asia and is widely used in Japan on a daily basis. There are two types of Japanese soy sauce; dark and light. The dark soy sauce comprises about 90% of the market share. Japanese soy sauce is produced by fermenting soybeans and roasted wheat with Aspergillus oryzae or Aspergillus sojae. The resulting koji is the essential base of soy sauce. A mixture of this koji and salt water is then fermented with Zygosaccheromyees rouxii, Candida versatilis and lactic acid bacteria. The mixture is aged for six to eight months and then pressed to yield raw soy sauce. This raw soy sauce is heated for pasteurization and to adjust the color, flavor and aroma. The main difference between producing dark and light soy sauce is the aging time; three months for light soy sauce and six to eight months for dark soy sauce.
The aroma of soy sauce is one of the most important factors determining its quality and marketability to consumers. About 300 volatile compounds have been identified in fermented soy sauce. The aroma components of soy sauce are formed by microbes during the long period of aging and fermentation, while cooking, roasting and pasteurizing soy sauce can result in the thermal production of many volatile compounds.
4-Hydroxy-2(or5)-ethyl-5-(or2)-methyl-3(2H)-furanone (HEMF) has a strong sweet and caramel-like aroma and is a very important component of soy sauce (Yokotsuka et al., 1980) . Ohata et al. (2007) have recently reported on the formation mechanism of HEMF by yeast during the aging of moromi. We consider that there is likely to be another important component of soy sauce in the unidentified odorant formed by the Maillard reaction and/or yeast. Ohata et al. (2009) reported for the first time that 2-furanmethanethiol (2FM) was present in miso (fermented soybean paste) and was a very important component of the miso aroma. Thiol compounds have been identified in many types of food. The volatile thiols are important aroma components in roasted coffee, and the volatile thiols are well-known to form in certain foods during heating by the Maillard reaction. Tominaga et al. (2001) have also reported that a volatile thiol was generated by yeast during the fermentation of wine. Since a similar production process is used for miso and soy sauce, we anticipated that volatile thiols in particular would be involved in the aroma of soy sauce.
In addition, the production process of soy sauce includes filtration and pasteurization; the latter involves heating to 70℃ − 80℃ to develop the flavor of soy sauce. Miso cannot samples were then injected for Gas Chromatography-Flame Photometric Detector (GC-FPD) and Gas Chromatography-Mass Spectrometry (GC-MS) analyses.
GC-FPD and GC-MS A Shimadzu GC-2010 gas chromatograph with a FPD was used for this study. Separation of the analyses was performed using a DB-XLB capillary column (J&W; 60 m × 0.25 mm (i.d.), 0.25 μm film thickness). The oven temperature was programmed to hold at 40℃ for the first 10 min, increase to 220℃ at 3℃/min, and then hold at 220℃ for 1 min. The flow rate of the He carrier gas was 1.5 mL/min, and the respective injection and detection temperatures were 210℃ and 230℃.
The volatile thiols were identified by GC-MS using a Shimadzu QP-2010 mass spectrometer combined with a Shimadzu GC-2010 gas chromatograph, having a DB-XLB capillary column (J&W; 60 m × 0.25 mm (i.d.), 0.25 μm film thickness). The oven temperature was programmed similarly to that of GC-FPD. The mass spectrometer was operated in the electron impact (EI) mode with an ionization voltage of 70 eV, and the ion source temperature was set at 200℃. Injection for the GC-MS analysis was carried out in the splitless mode (1 min splitless time ).
The internal standard and volatile thiols were detected in the selected ion monitoring (SIM) mode, which selects the ions of m/z = 53 (C 4 H 5 ) + , 75 (C (CH 3 ) 2 SH) + Calibration of the Volatile Thiols Calibration standards were prepared by adding an increasing quantity (2FM, 0.10 − 1.00 μg/L; BM, 0.05 − 0.25 μg/L; and ET2MP, 0.50 − 6.00 μg/L) of the thiol reference solutions to soy sauce V (calibration line for raw soy sauce), and by adding 1.0 − 8.0 μg/L of 2FM, 0.5 − 2.0 μg/L of BM and 10.0 − 40.0 μg/L of ET2MP to soy sauce V (calibration line for heat-treated soy sauce).
The concentrations of the volatile thiol standards had previously been determined by 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) according to the method of Tominaga et al. (2003) . The volatile thiols were extracted from the soy sauce samples for each concentration using the method described above. The calibration of these compounds was therefore corrected by subtracting the blank ratios. Quantitative analysis was carried out in the SIM mode, which selects the ions as follows: m/z = 114 for 2FM, m/z = 134 for ET2MP, m/z = 124 for BM, and m/z = 134 for the internal standard. Two analyses were carried out on each of the thiol reference solutions.
Sensory Test for Soy Sauce Heat-treated soy sauce III and raw soy sauce III were used for the sensory test because be pasteurized because it is a paste, and the flavor of miso is much more labile to heating (Tamang et al., 2010) . The aroma compounds of heat-treated soy sauce were reported by Yokotsuka et al. (1980) . However, they could not clarify the changes in the aroma of raw soy sauce after heat-treatment. Therefore, we anticipated that the concentration of volatile thiols in heat-treated soy sauce would be higher than that in miso, and the volatile thiols would be a very important aroma component of heat-treated soy sauce.
This article reports on the identification of certain volatile thiols and the odor contribution of these compounds to heattreated (dark) soy sauce.
Materials and Methods
Materials Four types of raw soy sauce samples (I, II, III and IV) and their corresponding heat-treated samples (I, II, III and IV) were analyzed in this study (dark soy sauce is referred to as heat-treated soy sauce in this paper). The raw soy sauce samples were heated to 75℃ − 90℃ for pasteurization and their flavors were developed by four corresponding brewing companies. Heat-treated soy sauce types are prepared for consumer use. The samples were provided by the experimental station of Miyagi Miso-Shoyu Industy Cooperative (Miyagi, Japan).
A commercial soy sauce V was purchased from a local supermarket for calibration purposes.
Chemicals 2-furanmethanethiol (2FM), benzenmethanethiol (BM) and dichloromethane were obtained from Aldrich (Tokyo, Japan). Ethyl 2-mercaptopropionate (ET2MP) was obtained from Tokyo Chemical Industry Co. (Tokyo, Japan), ethyl acetate was obtained from Kanto Chemical Co. (Tokyo, Japan), and 4-methoxy-2-methyl-2-mercaptobutane was obtained from Oxford Chemicals (New Jersey, USA).
Extraction of the Volatile Thiols in Soy Sauce The volatile thiols were extracted from each raw and heat-treated soy sauce sample. 80g of each soy sauce sample was diluted with distilled water, 1 g of sodium sulfite was used to prevent the oxidation of thiols, and a 40% (w/w) soy sauce solution containing 10.72 μg/L (final concentration) of 4-methoxy-2-methyl-2-mercaptobutane as the internal standard was prepared. The soy sauce solution was stirred using a magnetic stirrer for 1 min. Ethyl acetate (0.5 mL) was added to improve the extraction, and the solution was stirred with 5 mL of dichloromethane twice at 1000 rpm for 5 min. The organic phases were collected and then centrifuged at 3500 rpm for 10 min at 4℃. The resulting organic phase was dried with anhydrous sodium sulfate and then concentrated to approximately 500 μL under a nitrogen flow in a 10-mL graduated tube. The concentrated solution was then transferred to a 1-mL vial, and further concentrated to 25 μL. The obtained pared by adding 3.6 μg/L 2FM and 0.44 μg/L BM to raw soy sauce III, sample B2 was prepared by adding 3.6 μg/L 2FM and 20.4 μg/L ET2MP to raw soy sauce III, sample C2 was prepared by adding 0.44 μg/L BM and 20.4 μg/L ET2MP to raw soy sauce III, and sample D2 was prepared by adding 3.6 μg/L 2FM, 0.44 μg/L BM and 20.4 μg/L ET2MP to raw soy sauce III. Heat-treated soy sauce III was used as the standard. Thirteen panelists (five males and eight females) tested each sample and scored it on a scale of 1 to 5 for its similarity with the standard.
In the third session, nineteen panelists evaluated the aroma of two sets of samples at 25℃. Heat-treated soy sauce III and A2 were used as set one. Heat-treated soy sauce III and D2 were used as set two. The triangle test was performed as described in the first session.
Results and Discussion
Identification of the Volatile Thiols in Soy Sauce The volatile thiols in the heat-treated soy sauce III samples were extracted and analyzed by GC-FPD. The GC-FPD chromatogram ( Fig. 2) of each heat-treated soy sauce type had three large peaks (Peak 1, 2 and 3), and some small peaks such as Peak 4. The thiols were identified by comparing the retention times and mass spectra obtained. Peaks 1 − 4 corresponded to 2FM, ET2MP, methionol and BM, respectively.
It is well-known that 2FM is formed in certain foods during cooking via the Maillard reaction. White wines and sparkling white wines made from vitis vinifera grapes have also been found to contain 2FM, while 2FM has also been elucidated as an important odorant in freshly popped corn, roasted white sesame seeds and in both heated and self-prepared the contents of the volatile thiols in these samples were close to the average values in the four types of heat-treated soy sauce and raw soy sauce. Heat-treated soy sauce III and raw soy sauce III samples were prepared in 10-mL vials. The test was divided into three sessions as shown in Fig. 1 . In the first session, heat-treated soy sauce III and raw soy sauce III samples were used. A set of three samples, labeled A, B and C, was presented to each panelist in a separate sensory booth at 25℃. One of the three samples was different, while the remaining two were identical. Thirty panelists (six males and twenty-four females, aged 19 − 23 years) tested their own samples from left to right and then selected the odd sample. A statistical analysis was performed using a binomial test according to the method of Meilgaard et al. (2006) .
The second session consisted of two parts. In the first part, a set of four samples, labeled A1, B1, C1 and raw soy sauce III, was presented to each panelist in a separate sensory booth at 25℃. Because the volatile thiol concentrations in raw soy sauce III were lower than those in heat-treated soy sauce III, sample A1 was prepared by adding 3.6 μg/L 2FM to raw soy sauce III, sample B1 was prepared by adding 0.44 μg/L BM to raw soy sauce III, and sample C1 was prepared by adding 20.4 μg/L ET2MP to raw soy sauce III. The aroma of heat-treated soy sauce III was used as the standard sample. Seventeen panelists (seven males and ten females) tested each sample and scored it on a scale of 1 to 4 for its similarity with the standard. The score is 1 if the aroma of the sample is the most similar to the standard sample.
In the second part, a set of five samples, labeled A2, B2, C2, D2 and raw soy sauce III, was presented to each panelist in a separate sensory booth at 25℃. Sample A2 was pre- 
First part
Second part baker's yeast extracts. A quantitative descriptive analysis of miso has shown that 2FM contributes to the intensity attributes of "sweet"-, "thick, complex"-, and "pleasant coffee beans"-like aromas. Moreover, it is a very important component of the miso aroma. Steinhaus et al. (2007) found 2FM while heating soy sauce at 145℃ for 20 min, but they could not find 2FM in heat-treated soy sauce or raw soy sauce. BM with a strong empyreumatic aroma reminiscent of smoke has been identified in several wines, particularly chardonnay. It has also been considered as the main contributor to the aroma of extruded potato snacks.
It has long been known that apple juice and strawberries contain ET2MP. ET2MP has been found in trace amounts among the volatile components of the natural concord grape essence and has a distinct odor. ET2MP has also recently been identified in Muenster and camembert cheese. This is the first report to our knowledge that found 2FM, BM and ET2MP in heat-treated soy sauce and raw soy sauce.
Quantification of the Volatile Thiols in Soy Sauce The three volatile thiols identified in the soy sauce samples were quantified using standard curves with linear correlation in each case (Tables 1 and 2). Figure 3 shows the chromatographic peaks for the three volatile thiols obtained from the heat-treated soy sauce III sample.
The concentrations of 2FM, BM and ET2MP in each of the four types of raw soy sauce and their corresponding heattreated soy sauce are shown in Table 3 . The 2FM concentration in raw soy sauce I and raw soy sauce IV were 0.27 μg/ . 2 . GC/FPD chromatogram of the volatile thiols extracted from heat-treated soy sauce III without the internal standard. Peak 1, 2-furanmethanethiol (2FM); peak 2, ethyl 2-mercaptopropionate (ET2MP); peak 3, methionol; and peak 4 ,benzenemethanethiol (BM). pounds might be formed by yeast during the fermentation. The contents of volatile thiols were considerably higher than their perception thresholds. These volatile thiols were suggested to contribute to the aroma of raw soy sauce. We know that thiols are formed in certain foods during cooking by the Maillard reaction or by fermentation with yeast. Therefore, we presume that the precursor compounds of volatile thiols are formed during fermentation by yeast, and the concentrations of the volatile thiols increases during aging and heating for pasteurization. It is necessary to clarify the formation mechanism of the thiols in soy sauce. The odor activity values (OAV) of volatile thiols are shown in Table 4 . We could not directly determine the perception threshold of the thiols in soy sauce. Alcoholic fermentation generates 2 − 3% ethanol during the aging of L and 1.35 μg/L, respectively. The concentration of 2FM in miso reported by Ohata et al. (2009) was about 0.02 − 0.4 μg/kg. Thus, the concentrations of 2FM in the raw soy sauce samples were higher than that in miso. The 2FM concentrations in the heat-treated soy sauce samples were 3.1 − 13.6 μg/L, and they were considerably higher than that in miso. Therefore, we anticipated that 2FM was a very important compound in the aroma of heat-treated soy sauce.
The concentrations of BM in the raw soy sauce samples were 0.06 − 0.15 μg/L. The concentrations of BM increased to 0.5 − 2.6 μg/L in the heat-treated soy sauce samples. The ET2MP concentrations in the raw soy sauce samples were 1.30 − 5.70 μg/L and increased to 17.8 − 88.1 μg/L in the heat-treated soy sauce samples. The volatile thiols were identified in the raw soy sauce samples. Therefore, these com-Volatile Thiols in Japanese Soy Sauce the raw soy sauce III and heat-treated soy sauce III could therefore be distinguished significantly with a probability of 99% (p < 0.01).
In the first part of the second evaluation session, a sensory test was performed using raw soy sauce III, heat-treated soy sauce III and three samples of raw soy sauce III with the addition of 2FM, BM and ET2MP, respectively. The sum of the score is low if the aroma of the sample is similar to that of the standard sample of heat-treated soy sauce III. In Table  6 , the scores of A1, B1 and C1 were shown to be higher than the score of raw soy sauce III. The aroma of raw soy sauce III with an added thiol was not similar to the aroma of heattreated soy sauce III. In the second part, samples A2, B2, C2, D2 and raw soy sauce III were provided to thirteen panelists. The aroma of raw soy sauce III added with 2FM, BM and ET2MP (D2) was shown to be similar to the aroma of heattreated soy sauce III with a probability of 95% (p < 0.05). We presume that the aroma of raw soy sauce added with 2FM and BM was also similar to the aroma of heat-treated soy sauce because OAV of ET2MP was lower than those of 2FM and BM.
In the third evaluation session, set one and set two were provided to nineteen panelists. Only eight panelists identified the samples in set one and ten panelists identified the samples in set two (Table 5 ). These results show that the aroma of raw soy sauce added with 2FM and BM was similar to the aroma of heat-treated soy sauce. Although, the contribution of ET2MP was lower than those of 2FM and BM, the aroma soy sauce. OAV of each thiol in soy sauce was therefore calculated using the threshold values reported by Tominaga et al. (2003) (0.4 ng/L for 2FM, 0.3 ng/L for BM, and 500 ng/L for ET2MP in water/ethanol). The 2FM and BM contents of all the soy sauce samples analyzed, as well as the ET2MP content were considerably higher than their perception thresholds. OAV of 2FM in all four types of raw and heat-treated soy sauce was estimated to be in the range of 7 × 10 2 − 3 × 10 4 , and OAV of BM in the four types of raw and heat-treated soy sauce was estimated to be in the range of 2 × 10 2 − 1 × 10 4 . 4-Ethylguaiacol (4EG) with a smokelike aroma is considered to be an important compound of the soy sauce aroma. BM and 4EG have similar aromas, but the perception threshold of BM is considerably lower than that of 4EG (1.3 μg/L (Semmelroch et al., 1996) and OAV of BM is higher than that of 4EG. Therefore, we consider that BM is an important compound of the soy sauce aroma. HEMF is considered to be the characteristic aroma compound of soy sauce, and its OAV is about 1 × 10 3 (Semmelroch et al. (1996) reported that the perception threshold of HEMF was 20 μg/L, and Yokotsuka et al. (1980) reported that the concentration of HEMF in soy sauce was about 200 mg/L). OAVs of 2FM and BM show that they contribute to the aroma of heat-treated soy sauce. HEMF contributes to the strong sweet and caramel-like aroma, but 2FM and BM contribute to the respective roasted, coffee-like aroma and the smoke-like aroma, which is a very important attribute to the aroma of soy sauce.
The ET2MP content in all soy sauce samples analyzed was higher than the perception threshold. This may well contribute to the fruity aroma of soy sauce. However, OAV of ET2MP was much lower than OAV of 2FM or BM; thus, it is unlikely to play a very important role in the aroma of soy sauce. The results obtained in this study suggest that 2FM, BM and ET2MP were the common aroma components of heat-treated and raw soy sauce and important contributors to the aroma of soy sauce. It was necessary to investigate the contributions of these thiols to the soy sauce aroma by a sensory evaluation because these results have previously been found using the threshold values for wine.
Contribution of Volatile Thiols to the Aroma of Soy Sauce In order to clarify the contribution of the volatile thiols to the aroma of soy sauce, sensory tests were performed on samples of raw soy sauce III and heat-treated soy sauce III. We examined whether the panelists could distinguish between heattreated soy sauce and raw soy sauce. The results are shown in Tables 5-6.
In the first evaluation session, the triangle test was performed using raw soy sauce III and heat-treated soy sauce III. Thirty panelists participated in this test, and 19 panelists were able to correctly identify the odd sample. In Table 5 , of raw soy sauce added with all 2FM, BM and ET2MP was more similar to the aroma of heat-treated soy sauce than that added with only 2FM and BM.
In the triangle test with raw soy sauce, which included a lower concentration of volatile thiols, and heat-treated soy sauce, which included a higher concentration of volatile thiols, it was shown that the aroma of raw soy sauce was similar to that of heat-treated soy sauce by the addition of 2FM, BM and ET2MP.
The aroma compounds of heat-treated soy sauce were studied by Yokotsuka et al. (1980) . However, they were unable to clarify the changes in aroma of heat-treated soy sauce. In this report, 2FM with a strong roast coffee aroma, BM with a strong empyreumatic aroma reminiscent of smoke and ET2MP with a tropical fruit-like aroma are considered to be important aroma compounds of heat-treated soy sauce by the sensory tests.
Conclusions
Three compounds of volatile thiols, 2FM with a strong roast coffee aroma, BM with a strong empyreumatic aroma reminiscent of smoke and ET2MP with a tropical fruit-like aroma, were identified for the first time in four types of raw soy sauce and their corresponding heat-treated soy sauce. 2FM, BM and ET2MP were present in raw soy sauce samples at considerably higher concentrations than their perception thresholds. Meanwhile, the concentrations of 2FM, BM and ET2MP increased in heat-treated soy sauce.
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